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Abstract: Motivated by the fact that δCP , the Dirac phase in the PMNS matrix, is the
only CP-violating parameter in the leptonic sector that can be measured in neutrino oscilla-
tion experiments, we examine the possibility that it is the dominant source of CP violation
for leptogenesis caused by the out-of-equilibrium decays of heavy singlet fermions. We do
so within a low-scale extended type-I seesaw model, featuring two Standard Model singlet
fermions per family, in which lepton number is approximately conserved such that the heavy
singlet neutrinos are pseudo-Dirac. We find that this produces a predictive model of lep-
togenesis. Our results show that for low-scale thermal leptogenesis, a pure inverse-seesaw
scenario fails to produce the required asymmetry, even accounting for resonance effects,
because wash-out processes are too efficient. Dirac-phase leptogenesis is, however, possible
when the linear seesaw term is switched on, with the aid of the resonance contributions
naturally present in the model. Degenerate and hierarchical spectra are considered – both
can achieve δCP -leptogenesis, although the latter is more constrained. Finally, although un-
able to probe the parameter space of Dirac-phase leptogenesis, the contributions to unitarity
violation of the PMNS matrix, collider constraints and charged-lepton flavour-violating pro-
cesses are calculated and we further estimate the impact of the future experiments MEG-II
and COMET for such models.
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1 Introduction
Two key puzzles of the Standard Model (SM) are the generation of the baryon asymmetry of
the universe (BAU) and the origin of neutrino masses. These two problems can be linked to
form one of the simplest realisations of Beyond the Standard Model (BSM) baryogenesis:
thermal leptogenesis [1] through the type-I seesaw mechanism [2–6]. Here, heavy SM-
singlet neutrinos (SN), which have masses far larger than the critical temperature Tc of the
electroweak phase transition, are added to the SM. They produce an initial excess in the
family-lepton numbers Lα (α = e, µ, τ) through the out-of-equilibrium, Lα-violating decays
of the SNs. The asymmetries in the Lα are then reprocessed into the observed asymmetry
in baryon (B) number through the (B + L) violating but (B − L) conserving sphaleron
interactions which are in thermal equilibrium in the early universe above Tc, but below
that are highly suppressed with respect to the Hubble rate.
In the standard hierarchical, thermal, type-I leptogenesis scenario [1] (hereafter termed
“vanilla leptogenesis”), neutrino mass limits require experimentally unreachable mass scales
– typically above about 109 GeV1 – for the SNs. Furthermore, the required CP-violation
in the theory can be completely decoupled from the low-energy leptonic sector of the SM,
adding to the difficulty of experimentally probing vanilla leptogenesis. The scale of lepto-
genesis can be brought down to the TeV level if a quasi-degenerate spectrum is assumed for
the SNs [10, 11], but this quasi-degeneracy should be motivated by a theory. Bringing the
SNs to a low scale has the added consequence of suppressing the Yukawa couplings leading
to highly suppressed discovery signals, such as in lepton flavour violation.
Extending the vanilla type-I seesaw scenario with extra sterile states, and promoting
lepton number to being a “good” symmetry, leads to a class of neutrino mass models which
have theoretically motivated low-scale SN states, with the potential for larger Yukawa
couplings. The inclusion of the extra states can lead to a double suppression of the light
neutrino masses allowing much larger Yukawa couplings for the SNs at TeV scale masses.
The degeneracy in masses amongst the heavy SNs is naturally realised in this model since, in
the limit that the Majorana masses are turned off, lepton number conservation is restored;
those Majorana mass parameters, when small, thus obey technical naturalness. In this
scenario, the heavy SNs mostly gain their masses from explicit Dirac mass terms, with
the small Majorana masses lifting the mass degeneracy between the states leading to a
natural possibility of resonant enhancement. In limiting cases these models are known as the
“inverse seesaw (ISS)” [12–18] and the “linear seesaw (LSS)” [19–23] models. They are linked
by a rotation [24], although it proves convenient to distinguish between the two if other
BSM symmetries exist. Of particular relevance is the left-right symmetric model [4, 25–28]
(LRSM) where an underlying SU(2)L×SU(2)R×U(1)B−L gauge symmetry is adopted that
distinguishes between the two SM-singlet fermions in each family: one is in a right-handed
1We note that low-scale variations where the masses are close to (or below) the critical temperature do
exist [7–9].
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doublet, while the other is a LRSM gauge singlet. In the context of such a model, the
additional symmetries preclude the freedom in rotating the basis, justifying our choice to
consider these contributions as independent.2 See e.g. [31, 32] for alternative models.
These models can be naturally low-scale and therefore more experimentally testable.
Due to the low scale of the SNs, a fully-flavoured calculation of leptogenesis must be un-
dertaken, since the out-of-equilibrium condition is satisfied in a regime where the lepton
flavours (e, µ, τ) are completely distinguishable in the thermal bath. In the fully-flavoured
regime, it has been shown that the low-energy CP-violating observables of the active neu-
trinos (in this work we will be considering the PMNS parametrisation) are linked with the
high energy CP-violation required for the generation of BAU, and in fact can be solely re-
sponsible for leptogenesis. The Dirac phase, δCP (and Majorana phases, αij) of the PMNS
matrix can solely account for asymmetry generation in vanilla leptogenesis [33–35], but only
for very high-mass new physics as a result of the Davidson-Ibarra bound [36, 37].3
Motivated by current hints of δCP [39] being maximally violating, we aim to consider the
scenario of Dirac-phase leptogenesis in which the BAU is driven dominantly by δCP .4 The
low-scale nature of the extended type-I seesaw leads to a flavoured regime of leptogenesis
making PMNS phases important whilst having large Yukawa couplings and avoiding the
Davidson-Ibarra bound.
This paper is organised as follows. Section 2 explains how neutrino masses arise in
this low-scale model and demonstrates how to guarantee the correct light, active neutrino
physics. Section 3 describes the leptogenesis calculations. Section 4 details the constraints
used and estimates the possibility of future experiments in constraining such models. Fi-
nally, Sec. 5 presents numerical results obtained in the analysis and discusses implications
of these results. In two appendices we present the decay and scattering used, and discuss
the δCP dependence of the asymmetry in more detail.
2 Model
The extended seesaw model is produced through the addition of three extra SM gauge
singlet fermions alongside the three right-handed neutrinos that are added to the minimal
SM to obtain the type-I seesaw model. The extra singlets lead to an extension of the SM
2Although motivated by such extended models, we operate under the assumption that any additional
gauge and matter content beyond the additional SNs is sufficiently decoupled in order to not affect the phe-
nomenological calculations below. See [29, 30] for examples where additional field content is not decoupled.
3Note that the Davidson-Ibarra bound can be somewhat lowered by exploiting flavour effects, but the
resulting scale is still very high [38].
4For the sake of simplicity, all other potential CP-violating phases are set to zero. In reality, it is expected
that several of these phases will contribute substantially to the BAU. The simplifying assumption is used
to establish that δCP can be a substantial contributor to the BAU is some regions of parameter space.
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Lagrangian of the form,
−LBSM = λDlL Φ˜NR + λLlL Φ˜ (SL)c +MR(NR)c (SL)c
+
1
2
µSL (SL)
c +
1
2
µ′ (NR)cNR + h.c,
(2.1)
and Φ˜ denotes charge conjugation. After the SM Higgs doublet Φ gains a vacuum expec-
tation value, v, and breaks SU(2)L ⊗ U(1)Y → U(1)EM, the neutral lepton mass matrix
arising from Eq. (2.1) has the general form5, in the [(νL)c, NR, (SL)c]T basis,
Mν =
 0 mD mLmTD 0 MR
mTL M
T
R µ
 , (2.2)
where µ is in general a complex, symmetric 3 × 3 matrix and mD = λDv, mL = λLv and
MR are in general complex 3 × 3 mass matrices. The full mass matrix of Eq. (2.2) has
a number of limiting cases, according to assumptions on the allowed couplings and their
strengths.
2.0.1 Inverse seesaw (ISS)
The ISS mechanism arises from Eq. (2.2) in the parameter regime µ  mD  MR and
mL → 0, leading to the neutrino mass matrix
Mν =
 0 mD 0mTD 0 MR
0 MTR µ
 . (2.3)
Upon block diagonalisation of Eq. (2.3), one can calculate the light neutrino mass matrix
to first order,
mν = mD
(
MTR
)−1
µM−1R m
T
D. (2.4)
The heavy Majorana neutrinos will be primarily admixtures of the NR and (SL)c states
with mass matrices of the form (above the critical temperature and again to first order) [42],
MN = MR ± 1
2
µ. (2.5)
By contrast with the type-I seesaw model, there is now a double suppression of the light
neutrino states in Eq. (2.4) due to the smallness of
(
mDM
−1
R
)2 as well as the smallness
of the parameter µ as discussed above. In the limit of µ → 0 the light neutrinos become
massless and the heavy sterile states form heavy Dirac singlets in a way that is independent
of any other parameter in the theory restoring lepton number conservation.
5For the remainder of this paper µ′ will be set to zero as unlike µ it does not have a first order contribution
to the light neutrino masses [40, 41].
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The scale required in order to achieve the necessary active neutrino masses can be
estimated6 [18] ( mν
0.1 eV
)
=
( mD
100 GeV
)2 ( µ
1 keV
)( MR
104 GeV
)−2
, (2.6)
where now the mass scale of the heavy SNs has been brought down to a relatively low,
potentially experimentally testable level and with electroweak scale couplings.
2.0.2 Linear Seesaw (LSS)
The limit µ → 0 of Eq. (2.2) is known as the linear see-saw (LSS), with a mass matrix of
the form
Mν =
 0 mD mLmTD 0 MR
mTL M
T
R 0
 . (2.7)
Block-diagonalising the upper-left 3× 3 block in the limit that the term mLM−1R is small,
and assuming the usual hierarchymD MR exists, the effective light neutrino mass matrix
is now given by [43],
mν = −
[
mD
(
mLM
−1
R
)T
+
(
mLM
−1
R
)
mTD
]
, (2.8)
and the heavy SNs have mass matrix (above the critical temperature)
MN = MR. (2.9)
Similar to above the correct active neutrino masses are possible with low-scale heavy SNs,
( mν
0.1 eV
)
=
( mD
100 GeV
)( mL
10 eV
)( MR
104 GeV
)−1
. (2.10)
Massless light neutrinos are recovered in the limit of vanishingmL, and, in complete analogy
with the ISS parameter µ, this is the parameter in the LSS that explicitly breaks lepton
number and therefore can be set small from the point of view of technical naturalness.
2.1 Casas-Ibarra parametrisation
The Casas-Ibarra parametrisation of the Dirac mass matrix mD [44] can be generalised
in order to satisfy the light neutrino constraints for this extended type-I scenario. In the
conventional type-I scenario, the effective light neutrino mass matrix is given by [45]
mν = −mDM−1R mTD (2.11)
6In the one generation approximation.
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in the limit mD  MR, and with the effective mass term being ν¯Lmν(νL)c + h.c.. This
3× 3 block is approximately diagonalised by the unitary PMNS matrix UPMNS,
U †PMNSmν U
∗
PMNS = mn ≡ diag(m1,m2,m3), (2.12)
where m1,2,3 are the light neutrino mass eigenvalues, and
UPMNS =
 c12c13 s12c13 s13e−iδCP−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13
×
×
 1 0 00 eiα21/2 0
0 0 eiα31/2
 .
(2.13)
For the remainder of this paper, the low energy Majorana CP-violating phases α21 andα31
will be set to zero as our aim is to see if leptogenesis may be successfully driven solely by
δCP . We also suppress the PMNS subscript on UPMNS.
Equations (2.11) and (2.12) can be solved for the Dirac mass matrix mD to obtain the
Casas-Ibarra parametrisation,
mD = iU m1/2n RM
1/2
R , (2.14)
where the complex matrix R must be orthogonal: RRT = 1. Thus, inputting U and two
out of the three masses in mn from experiment, this equation specifies the required neutrino
Dirac mass matrix for given choices of the unknown absolute neutrino mass scale for the
light neutrino sector, and the matrices MR and R.7
2.2 Extended Casas-Ibarra parametrisations
We now derive equivalent Casas-Ibarra-type parametrisations in different extended type-I
seesaw models for mD in order to ensure agreement with neutrino oscillation experimental
results.
2.2.1 Inverse Seesaw
In the case of the ISS, combining Eqs. (2.4) and (2.12) gives(
m−1/2n U
†mD
(
MTR
)−1
µ1/2
)(
µ1/2M−1R m
T
D U
∗m−1/2n
)
= 1. (2.15)
7Note that the generated Dirac mass matrix will only be guaranteed to recover the correct mass differ-
ences among the light neutrinos if it continues to satisfy the approximation used for the block diagonalisation
of the original mass matrix, namelymD MR in the case of the type-I seesaw, and any other approximation
used in extended or different seesaw models.
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Since µ is symmetric, we define an R matrix and rearrange for mD to obtain
mD = U m
1/2
n Rµ
−1/2MTR . (2.16)
In general R is a complex orthogonal matrix. However, in order to maintain δCP as the
only source of CP-violation, we restrict R to being real orthogonal, parametrised by
R =
 cycz −sxczsy − cxsz sxsz − cxsyczcysz cxcz − sxsysz −czsx − cxsysz
sy sxcy cxcy
 (2.17)
where cx = cosx and sx = sinx and so on for x, y, z ∈ R.
2.2.2 Linear Seesaw
For completeness the parametrisation required for the linear seesaw is also presented.8
Combining (2.8) and (2.12) leads to
−m−1/2n U †
[
mD
(
mLM
−1
R
)T ]
U∗m−1/2n +m
−1/2
n U
† [(mLM−1R )mTD] U∗m−1/2n = 1.
(2.18)
Defining
R = −m−1/2n U †
[
mD
(
mLM
−1
R
)T ]
U∗m−1/2n (2.19)
implies that the R matrix must now satisfy R + RT = 1. Rearranging (2.19) gives the
parametrisation for mD,
mD = −U m1/2n Rm1/2n UT
(
mTL
)−1
MTR . (2.20)
2.3 Inverse + Linear Seesaws (ISS + LSS)
In the case where terms from both the linear and inverse seesaws are present, the effective
light neutrino mass matrix at first order is a linear combination of (2.4) and (2.8),
mν = mD
(
MTR
)−1
µM−1R m
T
D −
[
(mD
(
mLM
−1
R
)T
+
(
mLM
−1
R
)
mTD
]
. (2.21)
Combining with (2.12) leads to
m−1/2n U
†
[
mD
(
MTR
)−1
µM−1R m
T
D −mD
(
mLM
−1
R
)T − (mLM−1R )mTD] U∗m−1/2n = 1.
(2.22)
8The pure linear seesaw will not be considered further as above the critical temperature, relevant for
thermal leptogenesis, the SNs will have degenerate masses and an asymmetry will not be generated [46]
This mass degeneracy can potentially be lifted if the thermal mass splitting of the neutrinos in the bath
was considered [47].
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It is convenient to define a new matrix
A =
1
2
mD
(
MTR
)−1
µM−1R m
T
D −mD
(
mLM
−1
R
)T
,
AT =
1
2
mD
(
MTR
)−1
µM−1R m
T
D −
(
mLM
−1
R
)
mTD. (2.23)
Rewriting (2.22) in terms of this new A matrix gives
m−1/2n U
† [A+AT ]U∗m−1/2n = 1. (2.24)
We thus define
R = m−1/2n U
†AU∗m−1/2n , (2.25)
where R now satisfies R + RT = 1. Combining (2.22) to (2.25) leads to the non-linear
matrix equation
U m1/2n Rm
1/2
n U
T =
1
2
mD
(
MTR
)−1
µM−1R m
T
D −mD
(
mLM
−1
R
)T (2.26)
which will satisfy the light neutrino bounds when solved for mD.
The choice of R above is not a unique parametrisation of mD for the neutrino mass
matrix. It is, however, convenient. Due to the non-linearity of Eq. (2.26) it is difficult to
find an analytic solution for mD. We therefore solve this equation numerically to obtain
our results in Sec. 5, using an R-matrix of the form
R =
 12 r1 r2−r1 12 r3
−r2 −r3 12
 (2.27)
where ri ∈ R in order to make δCP the sole source of CP-violation.
3 Leptogenesis
In order to assess the viability of low-scale, Dirac-phase leptogenesis it is necessary to
change basis such that the SN mass sub-matrix is diagonal and real in order to consider
the decays of physical SNs to the standard leptons and Higgs boson. At this time in the
early universe, above the electroweak phase transition critical temperature (Tc), the SM
leptons are massless and the SNs decay either to a charged lepton and a charged scalar of
the opposite sign, or a neutral lepton and a neutral scalar. Taking Eq. (2.2), performing
a block diagonalisation of the lower right 2 × 2 block such that the SNs are in their mass
basis, and rotating the Yukawa couplings to the SM leptons, transforms the mass matrix
to the form [47]
Mν →M ′ν '
 0
v√
2
y′D
v√
2
y′L
v√
2
(y′D)
T MR − 12µ 0
v√
2
(y′L)
T 0 MR +
1
2µ
 , (3.1)
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where y′D and y
′
L correspond to the rotated 3×3 Yukawa matrices coupling the heavy, sterile
fermions to the SM leptons. For this 3 + 6 generation case, the rotation will be performed
numerically. In the one generation, it case can be expressed analytically (to lowest order)
as [48]
y′D '
i
v
[(
1 +
µ
4MR
)
mD −mL
]
y′L '
1
v
[(
1− µ
4MR
)
mD +mL
]
. (3.2)
The rotated couplings are a linear combination of the unrotated couplings. Note that the
coupling mL does not influence the heavy SN masses at this temperature.
Thermal leptogenesis proceeds because, once the temperature of the universe drops
below the mass regime of the heavy SNs [in our case O(TeV)], the inverse decays producing
SNs will fall out of thermal equilibrium and a net lepton asymmetry will be generated by
forward decays due to the non-zero Dirac phase, δCP , in the PMNS matrix.
Because of the low-temperature regime in which the lepton asymmetry will be gen-
erated, where the individual lepton flavours are distinguishable, it is necessary to adopt
flavour-dependent Boltzmann equations, which is nicely consistent with our requirement
that the low-energy CP-violating phases contribute to leptogenesis. As can be seen in
Eq. (3.1), and given that the parameter µ can be small in a technically-natural way, a small
mass splitting exists amongst the SNs and therefore the lepton asymmetry generated may
be enhanced due to a resonance effect [10, 11]. It is therefore necessary to account for this
potential resonant enhancement in the calculation of the generated lepton asymmetry.
The CP asymmetry generated due to the decays of an SN, NiR, to a specific lepton
flavour α is defined as
εαi =
Γ (NiR → lαΦ)− Γ
(
NiR → (lα)c Φ†
)∑
α
[
Γ (NiR → lαΦ) + Γ (NiR → (lα)c Φ†)
] . (3.3)
For later use we also define the individual branching ratios of each SN into a specific lepton
flavour as
Bαi =
Γ (NiR → lαΦ) + Γ
(
NiR → lcαΦ†
)∑
α
[
Γ (NiR → (lα)c Φ) + Γ (NiR → (lα)c Φ†)
] . (3.4)
The CP asymmetry parameter εαi has been calculated previously for the general case,
incorporating both the hierarchical as well as degenerate scenarios as limiting cases, and
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including potential resonance effects [49]:
εαi =
1
8pi
(
h†νhν
)
ii
∑
j 6=i
Im
((
h†νhν
)
ij
(
h†ν
)
iα
(hν)αj
)[
f(xij) +
√
xij(1−xij)
(1−xij)2+ 164pi2
(
h†νhν
)2
jj
]
+
1
8pi
(
h†νhν
)
ii
∑
j 6=i
(1−xij)Im
((
h†νhν
)
ji
(
h†ν
)
iα
(hν)αj
)
(1−xij)2+ 164pi2
(
h†νhν
)2
jj
+O(h6ν) . . . , (3.5)
where hν =
√
2
v (m
′
D,m
′
L), xij =
(
mNj
mNi
)2
and the loop function of the vertex diagram
contribution f(xij), is given by [1]
f(xij) =
√
xij
[
1− (1 + xij) ln
(
1 + xij
xij
)]
. (3.6)
Eq. (3.5) includes a resonant enhancement in the CP asymmetry of a SN decay if and only
if
1− xij ' 1
8pi
(
h†νhν
)
jj
(3.7)
is satisfied.
3.1 Boltzmann equations
The flavour-dependent Boltzmann equations valid for the low-scale regime of interest for
the extended type-I seesaw considered are given by [11]:
dηNi
dz
=
z
H(z = 1)
[(
1 − ηNi
ηeqNi
) ∑
β= e,µ,τ
(
ΓD (iβ) + Γ
S (iβ)
Yuk + Γ
S (iβ)
Gauge
)
− 2
3
∑
β= e,µ,τ
ηβl ε
β
i
(
Γ̂D (iβ) + Γ̂
S (iβ)
Yuk + Γ̂
S (iβ)
Gauge
)]
, (3.8)
dηα
dz
=
z
H(z = 1)
{
6∑
i=1
εαi
(
ηNi
ηeqNi
− 1
) ∑
β= e,µ,τ
(
ΓD (iβ) + Γ
S (iβ)
Yuk + Γ
S (iβ)
Gauge
)
− 2
3
ηα
[
6∑
i=1
Bαi
(
Γ˜D (iα) + Γ˜
S (iα)
Yuk + Γ˜
S (iα)
Gauge + Γ
W (iα)
Yuk + Γ
W (iα)
Gauge
)
+
∑
β= e,µ,τ
(
Γ
∆L=2 (αβ)
Yuk + Γ
∆L=0 (αβ)
Yuk
)]
− 2
3
∑
β= e,µ,τ
ηβ
[
6∑
i=1
εαi ε
β
i
(
Γ
W (iβ)
Yuk + Γ
W (iβ)
Gauge
)
+ Γ
∆L=2 (βα)
Yuk − Γ ∆L=0 (βα)Yuk
]}
, (3.9)
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where the functions ΓX... represent various decay and scattering cross sections normalised
to photon density. They are explicitly rewritten in Appendix A. An alternative approach
is to use flavour-covariant rate equations relevant for resonant scenarios which incorporate
quantum decoherence effects [50, 51].
The Boltzmann equations (3.8) and (3.9) involve the rescaled variable,
z =
mN1
T
(3.10)
and the number density of each particle species has been normalised to the photon density
ηa(z) =
na(z)
nγ(z)
(3.11)
with
nγ(z) =
2T 3
pi2
=
2m3N1
pi2
1
z3
. (3.12)
The term H(T ) corresponds to the Hubble parameter
H(T ) =
√
4pi3
45
g
1/2
?
T 2
MPlanck
=⇒ H(z) =
√
4pi3
45
g
1/2
?
m2N1
z2MPlanck
, (3.13)
whereMPlanck = 1.2×1019 GeV and g? = gSM = 106.75 is the number of relativistic degrees
of freedom of the SM at the temperature relevant to leptogenesis at z & 1.
The Boltzmann equations above utilise all ∆L = 0, 1, 2 scattering terms.9 As shown
in Ref. [48], the ∆L = 2 contributions can be of particular importance in this low-scale
realisation, where lepton number is approximately conserved, for reducing the total effective
washout.
3.2 Baryon asymmetry
As the SN decays generate the majority of the asymmetry at around the TeV scale, we
adopt the approximation that the critical temperature is a hard cutoff for reprocessing the
lepton asymmetry into a baryon asymmetry. In other words, we will not be considering
the temperature dependence of the sphaleron rate as the temperature passes across the
electroweak phase transition, with [52]
Tc = (246 GeV)
(
1
2
+
3g2
16λ
+
g
′2
16λ
+
ht
4λ
)−1/2
, (3.14)
where ht is the top-quark Yukawa coupling, λ is the Higgs quartic coupling, and g and g′
are the U(1)Y and SU(2) gauge couplings. Therefore the lepton asymmetry will simply be
9In flavoured leptogenesis it is necessary to include ∆L = 0 lepton-flavour-violating but lepton-number-
conserving interactions.
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read off at the critical temperature, which is when z = zc with
zc =
mN1
Tc
. (3.15)
This asymmetry is reprocessed by sphaleron effects into a baryon asymmetry, and in the
case of three families and one Higgs doublet we have
ηB = −28
51
1
27
∑
α=e,µ,τ
ηα. (3.16)
The factor of 28/51 arises from the fraction of lepton asymmetry reprocessed into a baryon
asymmetry by the electroweak sphalerons [53], while 1/27 is the dilution factor from photon
production until the recombination epoch [54].
As a consistency check, the asymmetries calculated through numerical solution of the
Boltzmann equations were compared with an approximate analytic solution which is valid
in the large washout regime, Keffα ≥ 5, where
Kαeff = κ
α
∑
i
KiB
α
i , (3.17)
and
κα = 2
∑
i,j(j 6=i)
Re
[
(hν)iα (hν)
∗
jα
(
hνh
†
ν
)
ij
]
+ Im
[(
(hν)iα (hν)
∗
jα
)2]
Re
[(
h†νhν
)
αα
{(
hνh
†
ν
)
ii
+
(
hνh
†
ν
)
jj
}] (1− 2imi −mj
Γi + Γj
)−1
.
(3.18)
These low-scale models easily satisfy the Kαeff ≥ 5 condition [54, 55]. The approximate
asymmetry is then estimated as
ηapprox.B = −
28
51
1
27
3
2
∑
α,i
εαi
KαeffMin[zc, 1.25 ln(25K
α
eff)]
. (3.19)
A relatively close agreement was found between the numerical results and the analytic
approximations in both the pure ISS and the ISS+LSS scenario demonstrated in Table 1.
4 Constraints
In this section we detail the constraints we impose upon our model. Firstly, we place a
perturbativity constraint on the Yukawa couplings generated using the Casas-Ibarra for-
malism, |hij |2 ≤ 4pi. An alternative perturbative unitarity constraint often used is Γimi < 12
which results in a similar effect on the parameter space. We also require that the light,
active neutrino masses satisfy current oscillation limits taken from Ref. [39] and listed in
Table 2. We consider only the normal hierarchy for the light neutrinos as the inverted
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Example parameters (ISS+LSS) |ηB|
∣∣ηapprox.B ∣∣
mL = 7.42× 10−5 [GeV]
µ = 7.27× 10−14 [GeV] 3.03× 10−12 5.11× 10−12
r1 = 0.092, r2 = 0.163, r3 = 0.741
mL = 2.69× 10−3 [GeV]
µ = 6.59× 10−10 [GeV] 2.39× 10−14 6.70× 10−14
r1 = 0.013, r2 = 0.014, r3 = 0.800
mL = 9.72× 10−5 [GeV]
µ = 3.44× 10−6 [GeV] 1.29× 10−10 2.94× 10−10
r1 = 0.129, r2 = 0.134, r3 = 0.202
mL = 7.71× 10−4 [GeV]
µ = 1.49× 10−17 [GeV] 7.17× 10−17 1.98× 10−16
r1 = 0.084, r2 = 0.359, r3 = 0.026
Table 1: Comparison between the numerically computed asymmetry |ηB| and the ana-
lytic approximation
∣∣ηapprox.B ∣∣ from Eq. (3.19) for example points of parameter space in the
ISS+LSS regime.
hierarchy is disfavoured in the inverse seesaw model [56]. We rejected points that did not
satisfy the current mass difference squared best fit values to within 1σ. For definiteness,
the lightest neutrino mass was fixed to 0.1 eV and the Dirac phase δCP fixed to the current
approximate best fit value of 3pi/2. The values of the three mixing angles were fixed to
their best fit points.
Parameter Value
sin2 θ12 0.306
sin2 θ23 0.441
sin2 θ13 0.02166
∆m221/(10
−5 eV2) 7.5+0.19−0.17
∆m231/(10
−3 eV2) 2.524+0.039−0.040
m1/ eV 0.1
δCP 3pi/2
Table 2: List of experimental results relevant to the PMNS matrix and the light neutrino
mass splittings fixed by active neutrino oscillation experiments. The light neutrino mass
differences were allowed to vary within 1σ of their current best fit values [39].
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4.1 Unitarity
The inclusion of heavy SN states in the theory results in a violation of unitarity of the
PMNS matrix due to the mixing between the active and sterile states. Unlike for the
vanilla type-I case, the unitarity violation required in the leptonic sector can be potentially
used as a discovery signal. To estimate the level of unitarity violation present we define the
matrix
V =
(
V3×3 V3×6
V6×3 V6×6
)
(4.1)
which diagonalises the full 9× 9 neutrino matrix of Eq. (2.2) through
V TMνV = M
diag
ν . (4.2)
The matrix V has an exact representation derived using [41, 57, 58],
V =
( (
13×3 + ζ∗ζT
)−1/2
ζ∗
(
16×6 + ζT ζ∗
)−1/2
−ζT (13×3 + ζ∗ζT )−1/2 (16×6 + ζT ζ∗)−1/2
)(
U 0
0 V ′
)
(4.3)
where U is the usual PMNS matrix which would exactly diagonalise the light neutrino block
in the absence of the heavy SNs. V ′ is the unitary matrix diagonalising the heavy neutrino
mass sub-matrix, (
V ′
)T ( 0 MR
MTR µ
)
V ′ =
(
M− 0
0 M+
)
(4.4)
and M± = MR±µ. While V ′ will be numerically computed, it can be approximated in the
case where MR and µ are diagonal to lowest order by
V ′ =
√
2
2
(
13 −i13
13 i13
)
+O(µM−1R ), (4.5)
where ζ is a 3× 6 matrix
ζ =
(
03×3,MDM−1R
) ≡ (03×3, F ) , (4.6)
which satisfies10 ||ζ|| < 1. The matrix F is often used instead of ζ in the literature [59, 60].
Each component of V in Eq. (4.3) can be expressed in terms of ζ, or F if expanding at
lowest order,
V3×3 =
(
13×3 + ζ∗ζT
)−1/2
U '
(
13×3 − 1
2
F ∗F T
)
U = (13×3 − η)U (4.7)
where η expresses the “deviation from unitarity”,
η ≡ 13×3 −
(
13×3 + ζ∗ζT
)−1/2 ' 1
2
F ∗F T . (4.8)
10In the inverse and linear approximations.
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The remaining components of V can be similarly expressed,
V3×6 = ζ∗
(
16×6 + ζT ζ∗
)−1/2
V ′ ' (03×3, F ∗)V ′, (4.9)
V6×3 = −ζT
(
13×3 + ζ∗ζT
)−1/2
U ' −
(
03×3
F T
)
U, (4.10)
V6×6 =
(
1 + ζT ζ∗
)−1/2
V ′ '
(
16×6 − 1
2
(
03×3 03×3
03×3 F TF
))
V ′. (4.11)
It is clear from the above that requiring F = mDm−1R  13×3 is naturally realised in
the ISS and LSS framework (to achieve low-scale neutrino masses) and therefore naturally
can suppress the unitarity violation effects.
The deviation from unitarity allowed by experimental observation from universality
tests of weak interactions, rare leptonic decays, the invisible width of Z-boson and neutrino
oscillation data is expressed through maximum allowed values for the entries in the matrix
η [61],
|ηij | <
1.3× 10−3 1.2× 10−5 1.4× 10−31.2× 10−5 2.2× 10−4 6.0× 10−4
1.4× 10−3 6.0× 10−4 2.8× 10−3
 . (4.12)
4.2 Charged Lepton Flavour Violation (cLFV)
4.2.1 µ→ eγ
The current 90% C.L. upper bound on the branching ratio of µ → eγ from the MEG
collaboration is [62]
BR(µ→ eγ) < 4.2× 10−13 . (4.13)
The branching ratio for this process in the presence of additional sterile neutrinos is given
by [56, 63]
BR(µ→ eγ) = α
3
ws
2
w
256pi2
m5µ
M4W
1
Γµ
∣∣∣∣∣
9∑
i=1
V ?µiVeiG(yi)
∣∣∣∣∣
2
, (4.14)
where the loop function is given by
G(x) = −2x
3 + 5x2 − x
4(1− x)3 −
3x3
2(1− x)4 lnx (4.15)
and yi = m2i /M
2
W , αw = g
2
w/4pi, s
2
w = 1 − (MW /MZ)2, mi refers to both the active and
sterile neutrinos and the matrix V is defined above (4.1).
The design sensitivity of the proposed MEGII detector [64] is expected to increase the
90% C.L. bound of Eq. (4.13) to
BR(µ→ eγ) < 5× 10−14 . (4.16)
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4.2.2 µ→ e conversion
The current strongest limit on the branching ratio for µ→ e coherent conversion on nuclei
is from experiments involving gold [65],
BR(µAu→ eAu) < 7.0× 10−13. (4.17)
The expected sensitivity of the future experiments COMET and Mu2e is BR(µ−N →
e−N) . 10−17 [66], providing a potentially competitive cLFV limit to BR(µ→ eγ).
It was shown in Ref. [67] that in ISS models the long range, photonic contribution
dominates in coherent conversion11 and so there is a tight relationship between the expected
branching ratios of µ → e conversion and µ → eγ. When the photonic contribution
dominates, µ→ e conversion can expressed in terms of the BR(µ→ eγ) as [69]
BR(µ−N→ e−N) ∼ B(A,Z)
428
BR(µ→ eγ), (4.18)
where B(A,Z) corresponds to a rate dependence on the mass number A and atomic number
Z for nucleus N . In this limit it is thus possible to use µ → e conversion to constrain
µ → eγ (or vice versa). Both Mu2E and COMET will initially make use of an aluminium
target for which B(A,Z) ∼ 1.1, implying
BR(µ−N→ e−N) ∼ 2.6× 10−3 BR(µ→ eγ). (4.19)
The first run of COMET in 2018 has an expected sensitivity of
BR(µ−N→ e−N) ∼ 3× 10−15. (4.20)
Comparing this to Eq. (4.19) constrains BR(µ → eγ) . 1.15 × 10−12, a less competitive
limit to the current limit directly measured [Eq. (4.13)]. However, the lifetime sensitivity
of the COMET experiment is expected to be O(10−17), implying a constraint of BR(µ →
eγ) . 3.84 × 10−15. This would be an order of magnitude more sensitive in constraining
models of heavy sterile neutrinos compared to the expectation in Eq. (4.16).
4.3 Neutrinoless Double Beta Decay
A Majorana mass contribution for neutrinos implies the possibility of neutrinoless double
beta decay. In our model, all the SN states are much heavier than the momentum transfer
involved in double beta decay mNi  100 MeV. Accordingly the light neutrino propagator
can be approximated by [70]
1
p2 −m2Ni
= − 1
m2Ni
+O
(
p2
m4Ni
)
. (4.21)
11For singlet fermion masses in these ISS models much lower than 1 TeV the photonic contribution can
become sub-dominant to other diagrams making this approximation invalid [68].
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The dominant contribution will come from the active, light neutrinos, and the allowed
region of the lightest neutrino masses will remain the same as in the SM.12. Reference [73]
also demonstrates that, in our mass-range of interest, contributions to the electron electric
dipole moment are not significant enough to have measurable effects.
5 Numerical Results
We consider the 3 + 3 scenario in which three right-handed neutrinos νR and three singlets
SL are added to the SM. The minimal scenario allowed by experiment is actually a 2 + 2
theory, since one of the active neutrinos is allowed to be massless. However as we are
considering SNs with similar TeV-scale masses, a degenerate spectrum of active neutrino
masses is assumed due to the degenerate spectrum of sterile neutrinos considered.
A minimal flavour violating hypothesis first employed in Ref. [43] is used where both
the lepton number violating parameters,13 mL and µ, are taken to be diagonal such that
mD is the only source of flavour violation in the theory. These parameters are randomly
scanned with the ranges,
(µ)ii ∼ O(10−8 − 1) GeV (5.1)
for the pure ISS and,
(µ)ii ∼ O(10−17 − 1) GeV
(mL)ii ∼ O(10−9 − 1) GeV (5.2)
in the ISS+LSS scenario. The reasons for these choices are shown in Fig. 1 and Fig. 2.
Figure 1 shows the light neutrino mass splittings as a function of µ in the inverse seesaw
model. Once µ < 10−8 GeV the Dirac mass matrix mD generated using the Casas-Ibarra
method becomes too large and the block-diagonalisation assumptions used in Eq. 2.4 break
down. Figure 2 shows the light neutrino mass splittings in the ISS+LSS scenario. The
top panels demonstrate that mL should be greater than 10−9 GeV. The bottom panels
show the neutrino mass splitting dependence on µ, where we only select points that satisfy
mL > 10
−9 GeV. Clearly in this case we can achieve much lower values of µ than in the
ISS model.
12A possible caveat to this is when one-loop corrections and higher order terms become non-negligible.
SNs as heavy as 5 GeV can dominate in certain limits [71] or if very large complex entries in the R-matrix
are considered [72].
13The Majorana mass term µ can be taken to be diagonal without loss of generality, as can µ and mL,
but not µ, mL, MR simultaneously.
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Figure 1: Log-Log scale plots of the light neutrino mass splittings (orange curves) as a
function of the Majorana parameter µ in the ISS, for normal ordering and parameter choices
as described in the text. The coloured bands correspond to the current 1σ experimental
limits on the allowed mass splittings between the light neutrino mass eigenstates. For
regions below µ . 10−8 GeV, the generated Dirac matrix mD grows too large and the block
diagonalisation assumptions in Eq. 2.4 break down.
Similarly, the matrix MR which will fix the overall mass scale of the SNs is taken to be
diagonal with values given by (
MdegR
1 TeV
)
=
1 0 00 1 0
0 0 1

(
MhierR
1 TeV
)
=
1 0 00 5 0
0 0 5
 (5.3)
in the degenerate and hierarchical cases, respectively, as justified below.
As stated earlier, the Casas-Ibarra R matrix is kept real in order to explore leptogenesis
purely driven by the Dirac phase. It was varied according to
x, y, z ∼ [0, 2pi] (5.4)
in the case of the pure ISS, where x, y and z are the elements of the R matrix as defined in
Eq. (2.17). In the case of the ISS+LSS, it was varied according to
r1,2,3 ∼ O(10−2 − 1) (5.5)
with the R matrix satisfying Eq. (2.27).
In solving the Boltzmann equations we considered the initial conditions ηα(zin) = 0
for the lepton asymmetry and ηNi(zin) = η
eq
Ni
for the SN population. Due to the strong
washout nature of this low-scale theory there is an insensitivity to any primordial lepton
asymmetry (which gets washed out immediately). Likewise the theory is insensitive to the
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Figure 2: Top panels: Log-Log scale plots of the light neutrino mass splittings as a func-
tion of the linear parameter mL in the ISS+LSS, for normal ordering and parameter choices
as described in the text. The coloured bands correspond to the current 1σ experimental
limits on the allowed mass splittings. For regions mL . 10−9 GeV, the generated Dirac
matrix mD grows too large and the block diagonalisation assumptions in 2.4 break down.
Bottom panels: Log-Log scale plots of the light neutrino mass splittings as a function of
µ when mL > 10−9 GeV. Note that much smaller values of µ are allowed if mL is turned
on compared to the pure ISS scenario.
initial abundance of SNs in the thermal bath. Due to the relatively low-scale masses of the
SN, it should however be expected that a thermal abundance of them should be produced at
temperatures well before an asymmetry is generated, thus motivating the initial conditions
used. The insensitivity to the initial abundance and initial asymmetry is illustrated in Fig. 3.
These show the solutions of the Boltzmann equations for the same set of parameters as a
function of z, using different initial conditions. In the left panel we take ηNi(zin) = 0 and in
the right we take ηNi(zin) = η
eq
Ni
. The upper, dotted lines show the population abundances
of the sterile neutrinos, and the lower, solid lines the active neutrino asymmetries. The
vertical dot-dashed line shows the value, zC from Eq. 3.15, at which we read off the lepton
asymmetry. The plots show that this is independent of the initial conditions used. The
parameters used are detailed in the figure caption.
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Figure 3: Solutions of the Boltzmann equations for the same set of parameters solved
with ηNi(zin) = 0 (Left Panel) and ηNi(zin) = η
eq
Ni
(Right Panel). The brown, dotted
lines correspond to the population of the six SNs ηNi and the coloured, full lines to |ηα|.
The orange, dot-dashed line is the critical temperature, zc ' 8.02 at which the lepton
asymmetry is read off ηα(zc). In both cases the same asymmetry is generated, ηB =
− 281377
∑
α ηα = 7.229 × 10−10 which is expected for strong washout thermal leptogenesis.
Any asymmetry generated while thermally populating the sterile neutrinos is quickly washed
out once a thermal population is reached. The parameters chosen in this example are:
mL = 1.84×10−4 [GeV], µ = 6.148×10−8 [GeV], r1 = 3.869×10−2, r2 = 4.676×10−2, r3 =
6.989× 10−2.
5.1 Hierarchical Limit
The hierarchical limit is taken to be the point at which the heavier sterile neutrinos’ con-
tribution to the final asymmetry is frozen out; the decays of these heavier SNs occur in
a region in which the lighter SNs remain in thermal equilibrium and whose interactions
wash out the generated asymmetry. In order to quantify the point at which the heavy SN
contributions freeze out, a scan was performed over the masses of the heavier SNs whilst
leaving all other parameters fixed.14 The hierarchical limit is chosen by hand at a point in
which the final baryon asymmetry is largely insensitive to the heavier SN masses. Based
on the scan of a few hundred sample parameters it was found that this decoupling was
generally comfortably achieved by mheavy/mlight ∼ 5. Sample plots are shown in Fig. 4 in
order to illustrate this behaviour and justify the choice made in Eq. 5.3. These figures all
show that the value of ηB has stabilised once mheavy/mlight ∼ 3, so that 5 is a conservative
choice.
14The active neutrinos are still taken to have a quasi-degenerate mass spectrum since, due to the strong
washout nature of the theory, the hierarchical limit as defined above is achieved before a very large mass
hierarchy is formed amongst the heavy SNs.
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µ ' 3.5× 10−5 (GeV),
x ' 1.54pi, y ' 1.72pi, z ' 0.21pi.
97531
10-17
10-19
10-21
mHeavy/mLight
ηB
µ ' 1.7× 10−2 (GeV),
x ' 1.48pi, y ' 1.37pi, z ' 0.45pi.
97531
10-17
10-15
10-13
mHeavy/mLight
ηB
µ ' 6.9× 10−1 (GeV),
x ' 1.21pi, y ' 0.25pi, z ' 0.40pi.
97531
10-19
10-17
10-15
mHeavy/mLight
ηB
µ ' 1.4× 10−3 (GeV),
x ' 0.93pi, y ' 0.15pi, z ' 0.09pi.
97531
10-21
10-19
10-17
mHeavy/mLight
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µ ' 2.9× 10−4 (GeV),
x ' 0.74pi, y ' 0.29pi, z ' 0.91pi.
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µ ' 3.8× 10−3 (GeV),
x ' 1.52pi, y ' 1.62pi, z ' 0.68pi.
Figure 4: Log-Log plots of final baryon asymmetry generated as a function of ratio of
heavy SN masses to light SN masses (which remains fixed at 1 TeV) for some sample
points. For computational convenience, only the ISS scenario is plotted and therefore none
of the points generate the correct asymmetry (as discussed in the text). However, the plots
serve to illustrate the freeze out of the asymmetry as some of the sterile neutrino masses
get heavier. By mHeavy/mLight ∼ 5, the asymmetry is almost completely insensitive to the
heavy masses.
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5.2 Inverse Seesaw Case
Before considering the full 3 + 3 generation case, firstly we estimate the washout associated
within the pure ISS scenario by considering the one generation 1 + 1 limit.15 In this case
the associated mass matrix becomes,
Minv,1g =
 0 mD 0mD 0 MR
0 MR µ
 . (5.6)
Employing Eq. 3.1 to rotate into the mass basis for the heavy sterile neutrinos (to first
order)
M ′inv,1g '

0 imD
(
1 + µ4MR
)
mD
(
1− µ4MR
)
imD
(
1 + µ4MR
)
MR − µ2 0
mD
(
1− µ4MR
)
0 MR +
µ
2
 (5.7)
and substituting the Dirac mass term, which in the one generation case is exactly
mD =
m
1/2
n MR
µ
, (5.8)
leads to an estimate of the washout parameter as
K1genNi '
ΓNi
H(T = MNi)
'
√
45MpMRmn
16pi5/2v2g
1/2
∗ µ
∣∣∣∣1± µ4MR
∣∣∣∣2 . (5.9)
In the left panel of Fig. 5, the washout parameter is plotted against µ, withMR fixed to
1 TeV andmn = 0.1 eV. For the region applicable to the inverse seesaw, µ < MR, where the
SNs are pseudo-Dirac, the theory is squarely in the strong-washout regime. Unsurprisingly,
the washout parameter increases as the lepton-number violating parameter µ decreases,
since larger Yukawa couplings are required to account for the fixed active neutrino masses.
The right panel of Fig. 5 shows the mass splitting between the two sterile neutrinos
1− xij = 1−
(
mNj
mNi
)2
= 1−
(
MR ± 12µ
)2(
MR ∓ 12µ
)2 (5.10)
as a function of 18pi
(
h†νhν
)
jj
, the two parameters relevant for the resonance condition of
Eq. 3.7. Resonance can be achieved in the theory, allowing for the potential generation of
a net asymmetry, even in this regime of strong washout. It is important to note that in
the pure ISS, the parameter which determines the strength of the washout also determines
the mass splitting between the heavy sterile neutrinos; in other words, it also affects the
15As mentioned previously, we need at least two νR states in order to satisfy neutrino oscillation data,
but it is convenient to examine this unrealistic but simple case in order to illustrate how µ influences the
washout.
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Figure 5: Left panel: Log-Log plot of the washout parameter as a function of µ. As µ
is decreased, the Yukawa coupling must increase in order to account for the correct active
neutrino masses thereby increasing the total washout. Right panel: Log-Log plot of the
mass splitting, (1−xij) in blue (solid) against 18pi
(
h†νhν
)
jj
in orange (dashed) as a function
of µ. For the one generation case, µ ∼ 10−3.5 GeV satisfies the resonance condition.
potential resonance contributions. Figure 5 shows the washout parameter KNi (left panel)
and the mass splitting (1−xij) and 18pi (h†νhν)jj which contribute to the resonance condition.
The resonance condition is satisfied where the two lines in the right-hand panel cross, at
µ ∼ 10−3.5 GeV. We observe that the region of resonance corresponds to an extremely high
value of the washout parameter: K ∼ 107, shown in the left-hand panel as a function of µ.
For TeV scale sterile neutrinos, Eq. 5.9 can be used to estimate the required Majorana
mass µ in order to move to the weak washout regime, KNi < 1:
µ ∼ 4 TeV, (5.11)
which is completely outside the region of applicability of the ISS.16
Moving on to the full 3+3 scenario, Fig. 6 plots the generated baryon asymmetry from
numerically solving the Boltzmann equations as a function of µ/GeV for the degenerate
case. All points generate the correct active neutrino mass differences; points in purple at
low µ are excluded by unitarity violation. As we are specifically considering the scenario
of Dirac-phase leptogenesis, all points generate a baryon asymmetry of the correct sign for
δCP ∼ 3pi/2, though obviously the magnitude is too small by many orders of magnitude.
The thickness of the green band in Fig. 6 and for most figures that follow is due to a scan
over the Casas-Ibarra matrix R.
The reason is that, in scenarios of TeV-scale ISS, the generated asymmetry is heavily
16We note that Ref. [74] proposed a weak-washout scenario by setting the SN mass scale to 1 GeV and
relying on zero initial abundance of neutrinos close to the sphaleron decoupling point in order to successfully
satisfy the out-of-equilibrium condition for asymmetry generation.
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Figure 6: The generated baryon asymmetry as a function of the lepton number violating
parameter µ for the degenerate case. The points in purple, which correspond to larger
values of mD, are excluded by unitarity violation limits for the PMNS matrix. In red is
the required BAU, ηB ∼ 6.21× 10−10. For the pure ISS scenario, the washout is extremely
strong, even in regions of resonance and therefore a sizeable asymmetry cannot be generated
in the Dirac phase case. The thickness of the green band is due to a scan over the Casas-
Ibarra matrix R.
washed out. Figure 7 demonstrates that a resonant enhancement occurs in the theory,17
in line with expectations from the one generation scenario. The resonant enhancement can
clearly be seen in the left-hand plot at µ ∼ 10−3 − 10−4 GeV. The right-hand plot demon-
strates where the resonance condition is satisfied where ∆N/ΓN = (1 − xij)/ 18pi
(
h†νhν
)
jj
and 1− xij is defined in Eq. (5.10).
However, while the net CP asymmetry generated per sterile neutrino decay may in-
crease, this is accompanied by an increased rate of washout, ultimately preventing the
generation of a sufficiently large final baryon asymmetry. This behaviour is obviously un-
affected by the hierarchy among the SN masses and therefore will be the same for the
hierarchical case. The strength of the washout could potentially be lowered in some pure
ISS scenarios by resorting to special textures of mD, µ or MR. As an example if a mass
splitting is introduced by hand in MR (in the degenerate scenario) an additional resonant
contribution will exist independent of µ without generating an increased washout along
with it. Such textures would require additional symmetries in the theory such as a discrete
flavour symmetry in order to justify their existence.
17As the asymmetry is purely generated by the Dirac phase δCP , for this scenario
∑
α 
α
i = 0 and as such
only one of the 18 CP-asymmetry parameters is plotted, in this case 11. Each CP-asymmetry parameter αi
has similar behaviour due to the degenerate limit considered.
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Figure 7: Estimating the resonance contribution in 3+3 low-scale ISS models. Left panel:
Plot of the CP-asymmetry parameter αi (in this case α = 1 and i = 1) as a function of µ
in GeV. A clear resonance peak appears in the regime: µ ∼ 10−3 − 10−4. The thickness
of the green band is due to a scan over the Casas-Ibarra matrix R. Right panel: Plot of
∆Ni/ΓNi against the same parameter where ∆N/ΓN = (1−xij)/ 18pi
(
h†νhν
)
jj
where 1−xij
is defined in Eq. (5.10). The horizontal lines corresponds to where the resonance condition
is satisfied. Unlike in traditional resonant models, the mass splitting between the heavy
sterile states cannot be adjusted independently of the required Yukawa couplings, because
both depend on µ. Nevertheless, a region satisfying the resonance condition of Eq. 3.7 is
possible.
Finally, though unable to account for baryogenesis, the discovery potential of the ISS
through cLFV is estimated in Fig. 8, which plots BR(µ→ eγ).18 The current limits placed
on cLFV processes involving electrons does not constrain the ISS model. The parameter
space which MEGII, COMET and Mu2E is predicted to probe is already constrained from
unitarity violation experiments. Due to the minimal flavour-violating scenario considered,
the cLFV effects are generated through the Casas-Ibarra parametrisation of mD (rather
than imposing large cLFV effects through non-diagonal entries in MR or µ) which will
therefore have the largest contributions in regions of small µ for fixed MR.
5.3 Inverse + Linear Seesaw Case
As in Sec. 5.2, we first consider a one-generation example to estimate how inclusion of the
LSS term influences the strength of the washout relevant for thermal leptogenesis. Due
to the linear nature of the LSS term of Eq. 2.8 compared to the ISS term of Eq. 2.4, its
contribution dominates in the light neutrino mass generation through mD. The washout
efficiency of the ISS+LSS scenario can therefore be estimated by considering the pure 1 + 1
18As discussed above, in regimes where the photon diagram dominates, µ→ eγ and µ− e conversion are
complementary.
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Figure 8: A plot of the branching ratio of µ→ eγ in the low-scale ISS model as a function
of µ (blue line). The green line is the current upper limit, while the orange line is the
combined future limit expected from MEGII and the µ → e conversion experiments, in
particular COMET. While currently unconstrained, future cLFV experiments will begin to
probe the parameter space of these low-scale models. Due to the minimal flavour-violating
assumption taken, the size of the LFV is tied to the size of mD.
LSS case,
Mlin,1g =
 0 mD mLmD 0 MR
mL MR 0
 . (5.12)
In this limiting case, the (non-unique) matrix rotation into the mass basis of the heavy
sterile neutrinos above the critical temperature can be performed exactly and takes the
form
Mlin = U
T
linMlinUlin =
 0
(
1
2 − i2
)
(mD + imL)
(
1
2 +
i
2
)
(mD − imL)(
1
2 − i2
)
(mD + imL) MR 0(
1
2 +
i
2
)
(mD − imL) 0 MR
 ,
(5.13)
with
Ulin =
1 0 00 (12 − i2) (12 + i2)
0
(
1
2 +
i
2
) (
1
2 − i2
)
 . (5.14)
The neutrino oscillation data is recovered with a Dirac mass matrix of the form
mD = −mnMR
2mL
(5.15)
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which can be used to estimate the strength of the washout through the parameter,
K1genNi =
ΓN1
H(T = MNi)
=
√
45Mp
16pi5/2v2g
1/2
∗ MR
∣∣∣∣(12 ∓ i2
)(
2mnMR
mL
± imL
)∣∣∣∣2 . (5.16)
Figure 9 plots the washout parameter in the pure one-generation LSS as a function of
mL. Similarly to the case of the pure ISS, for O(TeV) scale sterile neutrinos, the washout
remains strong. However, as a result of the mixing between νR and SL, lower values of the
washout exist. More importantly, the parameter determining the strength of the washout,
mL, does not impact the mass of the heavy sterile neutrinos (above the critical temperature),
by contrast with the case of the ISS. Therefore when both µ and mL are turned on, mL
will largely be responsible in determining the neutrino masses and couplings (and therefore
largely responsible in determining the washout where µ will be sub-dominant), whereas µ
will introduce a mass splitting between the heavy sterile neutrinos. Therefore when both
parameters are switched on, resonant Dirac-phase leptogenesis is possible at relatively low
values of strong washout.
5.3.1 Degenerate Limit
Figure 10 plots the baryon asymmetry generated as functions of µ andmL for the degenerate
case where all MR masses equal 1 TeV, as per Eq. 5.3. Similarly to the pure ISS case, all
points generate an asymmetry of the correct sign for δCP = 3pi/2. The points in purple
are ruled out by non-unitarity of the PMNS matrix and are characterised by low values
10-8 10-5 10-2 1010
2
105
108
1011
mL [GeV]
KNi
Figure 9: Log-Log plot of the washout parameter as a function ofmL in the one generation
LSS. The washout is minimised in this case for mL ∼ 4.5 × 10−4 [GeV] with KNi ∼ 100,
which is much lower than in the pure ISS case.
– 27 –
Figure 10: The generated baryon asymmetry for the degenerate case as a function of the
Majorana mass µ (Left Panel) and the lepton number violating parameter mL (Right
Panel). The points in purple, which correspond to large values of mD, are excluded
from unitarity violation limits on the PMNS matrix. In red is the required BAU, ηB ∼
6.21× 10−10. Generation of the correct asymmetry is possible in regions close to where the
washout is minimised (but still in the strong regime) and requires 10−5 . mL/GeV . 10−3
along with 10−16 . µ/GeV . 10−6 where resonance occurs due to the small mass splitting.
of mL, as can be seen in the right-hand plot. In order to generate the correct asymmetry
for these TeV scale sterile neutrinos via the Dirac phase, two ingredients are necessary:
the LSS term, mL, needs to be close to the region in which the washout is minimised,
10−5 . mL/GeV . 10−3, and the ISS term, µ, is required to be in the broad range
10−16 . µ/GeV . 10−6 in order for the mass splittings amongst the heavy sterile neutrinos
to provide a resonant contribution to the asymmetry generation.
Figure 11 plots snapshots as a function of mL of the CP-asymmetry parameter αi as a
function of µ for fixed bands of mL. While a clear resonance exists as µ is lowered for all
snapshots, it is only for regions close to where the washout is minimised that the resonance
effect is strong enough to generate a sufficient asymmetry. This serves to illustrate that
for O(TeV) scale extended type-I seesaw models, both the LSS and ISS contributions are
required in order for thermal leptogenesis to be possible, potentially providing a unique
experimental signature of pseudo-Dirac sterile fermions with leptonic decay channels.
Figure 12 plots the average washout parameter in the three generation case, which
closely resembles the pure LSS one-generation plot of Fig. 9. From Fig. 12, it is evident
that contributions to the washout (and therefore the couplings yν) from µ are sub-dominant
compared to mL, justifying the assumption that mL is almost solely responsible for deter-
mining the strength of the washout, even at low values.
In the case of Dirac-phase leptogenesis, a region of parameter space exists for both mL
and µ for the well-motivated choice δCP = 3pi/2. Figure 13 plots BR(µ→ eγ) as a function
of mL. Similarly to the pure ISS case, current and near-future cLFV experiments will not
probe regions where Dirac-phase leptogenesis occurs.
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mL < 10
−8 10−8 < mL < 10−7 10−7 < mL < 10−6
10−6 < mL < 10−5 10−5 < mL < 10−4 10−4 < mL < 10−3
10−3 < mL < 10−2 10−2 < mL < 10−1 10−1 < mL
Figure 11: Log-Log plots of CP asymmetry parameter αi as a function of µ for fixed
values of mL described above. In each case a resonant enhancement is noticeable as µ for
a particular mass splitting amongst the SNs.
5.3.2 Hierarchical Limit
In the hierarchical case, in which the heavier SNs are set to 5 TeV as justified in Sec. 4, Dirac-
phase leptogenesis is also possible, as illustrated in Fig. 14. The asymmetry is produced
via the same mechanism as in the degenerate case: the relevant area of parameter space is
where mL minimises the strength of the washout, and the resonant enhancement is due to
mass splittings driven by a small µ. Unsurprisingly, this occurs in a smaller region of µ and
mL than before, 5×10−3 . mL/GeV . 5×10−2 and 10−12 . µ/GeV . 10−6, compared to
the degenerate case, making the hierarchical case more constrained. This result is similar
to that found for the type-I Dirac-phase case in Ref. [35].
The constraints from current and future cLFV are of similar strength as in the degener-
ate situation: low scale, viable Dirac-phase leptogenesis cannot be constrained by unitarity
violation or cLFV processes as demonstrated in Fig. 15. Singlet neutrinos may be produced
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Figure 12: Log-log plot of the average washout parameter KavgN =
1
6
∑
iKNi in the three-
generation case as a function of mL/GeV. Comparison of this with the one-generation case
of the pure LSS as in Fig. 9 justifies the claim that the ISS term is sub-dominant to the
LSS in the generation of mD.
Figure 13: A plot of contribution to µ → eγ in the low-scale ISS+LSS model for the
degenerate case. The horizontal green line is the current experimental upper limit and the
orange line is the combined future limit expected from MEGII and the µ → e conversion
experiments, in particular COMET, assuming the penguin diagram contribution dominates.
Regions of small mL in the ISS+LSS model are currently constrained. The points in red
generate a baryon asymmetry in the required region, 4 × 10−10 < ηB < 8 × 10−10. This
region is currently unconstrained and will remain so in the future. The points in blue give
rise to asymmetry values that are too small.
– 30 –
Figure 14: The generated baryon asymmetry as a function of the Majorana mass µ (Left
Panel) and the lepton number violating parameter mL (Right Panel) in the hierarchical
case. The hierarchical case behaves similarly to the degenerate case with slightly more
constrained allowed couplings, 5×10−3 . mL/GeV . 5×10−2 along with 10−12 . µ/GeV .
10−6 compared to the degenerate case. The points in purple are excluded by unitarity
violation limits on the PMNS matrix.
at particle colliders however the classic signal of same-sign dileptons [75] is suppressed due
to the pseudo-Dirac nature of the SNs. Trilepton production has been studied in [58] where
constraints have been derived on the mixing between the active and sterile states |BlN |.
However, in our model the region of successful Dirac-phase leptogenesis has |BlN | ∼ 10−12,
far too small to be constrained at the LHC.
6 Conclusion
We have studied the thermal leptogenesis implications of the low-scale 3 + 3 inverse-seesaw
(ISS) and extended inverse-seesaw (ISS+LSS) models. Both scenarios provide a framework
for TeV scale sterile neutrinos, with much larger Yukawa couplings required in order to
account for current active neutrino oscillation data, in contrast to the vanilla type-I seesaw
mechanism. The implications of purely Dirac-phase leptogenesis were considered, as values
of δCP 6= 0, pi will necessarily contribute to the asymmetry generation in any low-scale
seesaw model, and δCP remains the only phase that can be measured by neutrino oscillation
experiments. Currently there is a suggestive hint that it may be maximally violating, which
might suggest that it has some role to play in generating the matter–anti-matter asymmetry.
In the pure ISS scenario, the washout is too strong for asymmetry generation even when
incorporating resonance effects where no special textures are assumed in the theory beyond
diagonal couplings. In the ISS+LSS scenario, successful leptogenesis can be achieved due
to the mass splitting between the sterile neutrinos providing a resonant enhancement of
the asymmetry, a regime which is naturally motivated in the model if the LNV parameters
are taken to be small from technical-naturalness arguments. Degenerate and hierarchical
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Figure 15: A plot of contribution to µ→ eγ in the low-scale hierarchical ISS+LSS model.
In green is the current limit from MEG and in orange is the combined future limit from
MEGII and the µ→ e conversion experiments, in particular COMET, assuming the penguin
diagram contribution dominates. Regions of small mL in the ISS+LSS model are currently
probed and constrained by MEG and future experiments will serve to slightly improve
the sensitivity on mL. The points in red generate a baryon asymmetry in the region
4×10−10 < ηB < 8×10−10. This parameter region is unconstrained by current experiments
and beyond the reach of future cLFV experiments. The points in blue give rise to asymmetry
values that are too small.
cases were considered, and in both situations predictions on the parameters mL and µ are
made for successful Dirac-phase leptogenesis. Unsurprisingly, the hierarchical case appears
slightly more constrained than the degenerate case.
The discovery potential of these models from precision tests was considered, particularly
through probes of unitarity violation in the PMNS matrix and charged-lepton flavour-
violating processes such as BR(µ→ eγ) and µ→ e conversion. It was found that regions of
successful Dirac-phase leptogenesis do not coincide with the current or future reach of such
cLFV experiments or unitarity tests. Collider tests were also briefly considered, but the
active-sterile mixing in regions of successful Dirac-phase leptogenesis is too low for near-
future discovery. It is worth noting, however, that an extension to a left-right symmetric
model, well-motivated by the neutrino mass basis choice we have employed, would increase
the experimental signatures of such a scenario.
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A Decay and Scattering Rates
Following the literature, the following rescaled variables are used:
z =
mN1
T
, x =
s
m2N1
, ai =
(
mNi
mN1
)2
, ar =
(
mIR
mN1
)2
' 10−5 , ci =
(
ΓNi
mN1
)2
.
(A.1)
where s is the Mandelstam variable, and mIR = mΦ/MN1 is an infrared mass regulator for
the t-channel whose value is set to 10−5 as discussed in Refs. [76, 77].
The total decay width ΓNi of the SNs is given by
ΓNi =
3∑
l=1
ΓαNi =
mNi
8pi
3∑
l=1
h∗lihli. (A.2)
The collision terms for 1→ 2 and 2→ 2 processes which appear in Eqs. 3.8 and 3.9 are
calculated in Ref. [10] for the unflavoured case and additional flavour-specific processes are
calculated in Ref. [11]. These scattering rates will be summarised below without suppressed
flavour indices. The rate for a generic process X → Y and its conjugate counterpart X → Y
is defined as γXY . For the 1→ 2 process, Ni → LΦ or Ni → LCΦ†, γXY is given by
γNiLαΦ =
mN1m
2
Ni
ΓαNi
pi2 z
K1(z
√
ai) , (A.3)
in terms of the rescaled variables of Eq. (A.1) where Kn(z) is an nth-order modified Bessel
function. The 2→ 2 processes can be divided into ∆L = 0, 1, 2 cases, each contributing to
the washout of lepton flavour at different rates. For a generic 2 → 2 process the collision
term is calculated through
γXY =
m4N1
64pi4z
∞∫
xthr
dx
√
x K1(z
√
x) σXY (x) , (A.4)
where xthr corresponds to Min(m(X),m(Y)) such that the process is kinematically allowed.
Each process is therefore simply calculated by substituting each reduced cross section σXY ,
numerically interpolating A.4 over a range of z values and including in the numerical Boltz-
mann Equations.
The relevant ∆L = 1 processes and cross-sections are,
σNiLα
QuC
=
3y2t
4pi
(h∗αihαi)
(
x− ai
x
)2
,
σNiu
C
LαQC
= σNiQLαu
=
3y2t
4pi
(h∗αihαi)
(
1− ai
x
+
ai
x
ln
(
x− ai + ar
ar
))
,
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σ
NiVµ
LαΦ
=
3g2
8pi x
(h∗αihαi)
(
(x+ ai)
2
x− ai + 2ar ln
(
x− ai + ar
ar
))
,
σNiLα
Φ†Vµ
=
3g2
16pi x2
(h∗αihαi)
(
5x− ai) (ai − x) + 2(x2 + xai − a2i ) ln
(
x− ai + ar
ar
))
,
σNiΦ
†
LαVµ
=
3g2
16pi x2
(h∗αihαi) (x− ai)
(
x− 3ai + 4ai ln
(
x− ai + ar
ar
))
. (A.5)
For the scatterings involving gauge bosons, only the SU(2)L processes were considered as
the U(1)Y processes are expected to be subdominant.
The relevant ∆L = 2 processes and cross-sections are,
σLαΦ
LCβ Φ
† = 2
6∑
i,j=1
Re
[ (
hαjhβjh
∗
αih
∗
βi
)Assij + (hαjhβjh∗αih∗βi)Attij
+
(
h∗αihβih
∗
αjhβj + hαih
∗
βihαjh
∗
βj
)A(st)∗ij ]
σ
LαLβ
Φ†Φ† =
6∑
i,j=1
Re
(
hαjhβjh
∗
αih
∗
βi
)Bij , (A.6)
where
A(ss)ij =
 0 (i = j) ,x√ai aj
4piP ∗i Pj
(i 6= j) ,
A(tt)ij =

ai
2pix
[
x
ai
− ln
(
x+ai
ai
)]
, (i = j) ,
√
ai aj
2pix (ai−aj)
[
(x+ aj) ln
(
x+aj
aj
)
− (x+ ai) ln
(
x+ai
ai
)]
, (i 6= j) ,
A(st)ij =
√
ai aj
2piPi
[
1 − x+ aj
x
ln
(
x+ aj
aj
)]
,
Bij=

1
2pi
[
x
x+ai
+ 2 aix+2ai ln
(
x+ai
ai
) ]
, (i = j) ,
√
ai aj
2pi
[
1
ai−aj ln
(
ai(x+aj)
aj(x+ai)
)
+ 1x+ai+aj ln
(
(x+ai)(x+aj)
ai aj
) ]
. (i 6= j) ,
(A.7)
and
P−1i (x) =
1
x− ai + i√aici . (A.8)
Finally as flavoured leptogenesis is being considered there are also processes which do
not violate lepton number but do violate lepton flavour [11]. The relevant ∆L = 0 processes
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are,
σLαΦLβΦ =
6∑
i,j=1
(
h∗βihαihβjh
∗
αj + hβih
∗
αih
∗
βjhαj
) Cij
σLαΦ
†
LβΦ†
=
6∑
i,j=1
Re
(
hν∗lα h
ν
kα h
ν
lβ h
ν∗
kβ
)
Dij ,
σ
LαLCβ
Φ†Φ =
6∑
i,j=1
Re
(
hν∗lα h
ν
kα h
ν
lβ h
ν∗
kβ
)
Eij , (A.9)
with
Cij=
 0 (i = j)x√aiaj
4piP ∗i Pj
(i 6= j)
Dij=

ai
pix
[
x
ai
− ln
(
x+ai
ai
)
(i = j)
√
aiaj
pix(ai−aj)
[
(x+ aj) ln
(
x+aj
aj
)
− (x+ ai) ln
(
x+ai
ai
)]
(i 6= j)
Eij=

x
pi(x+ai)
(i = j)
√
aiaj
pi(ai−aj) ln
(
ai(x+aj)
aj(x+ai)
)
(i 6= j) (A.10)
The scattering rates used in Eqs. 3.8 and 3.9 are then calculated as functions of the
collision terms above,
ΓD(iα) =
1
nγ
γNiLαΦ
Γ̂D(iα) =
1
nγ
(
1 +
4
21
η∆L
η∆Lα
)
γNiLαΦ
Γ˜D(iα) =
1
nγ
(
1 +
4
21
η∆L
η∆Lα
)
γNiLαΦ
Γ
S(iα)
Y =
1
nγ
(
γNiLα
QuC
+ γNiu
C
LαQC
+ γNiQLαu
)
,
Γ̂
S(iα)
Y =
1
nγ
[(
−ηNi
ηeqNi
+
4
21
η∆L
η∆Lα
)
γNiL
QuC
+
(
1 +
1
9
η∆L
η∆Lα
− 5
63
ηNi
ηeqNi
η∆L
η∆Lα
)
γNαu
C
LQC
+
(
1 +
5
63
η∆L
η∆Lα
− 1
9
ηNi
ηeqNi
η∆L
η∆Lα
)
γNiQLu
]
Γ˜
S(iα)
Y =
1
nγ
[(
ηNi
ηeqNi
+
4
21
η∆L
η∆Lα
)
γNiL
QuC
+
(
1 +
1
9
η∆L
η∆Lα
+
5
63
ηNi
ηeqNi
η∆L
η∆Lα
)
γNiu
C
LQC
+
(
1 +
5
63
η∆L
η∆Lα
+
1
9
ηNi
ηeqNi
η∆L
η∆Lα
)
γNiQLu
]
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Γ
S(iα)
G =
1
nγ
(
γNiLα
Φ†Vµ
+ γ
NiVµ
LαΦ
+ γNiΦ
†
LαVµ
)
Γ̂
S(iα)
G =
1
nγ
[(
−ηNi
ηeqNi
+
4
21
η∆L
η∆Lα
)
γNiL
Φ†Vµ
+
(
1 +
4
21
η∆L
η∆Lα
)
γ
NiVµ
LΦ
+
(
1− 4
21
ηNi
ηeqNi
η∆L
η∆Lα
)
γNiΦ
†
LVµ
]
Γ˜
S(iα)
G =
1
nγ
[(
ηNi
ηeqNi
+
4
21
η∆L
η∆Lα
)
γNiL
Φ†Vµ
+
(
1 +
4
21
η∆L
η∆Lα
)
γ
NiVµ
LΦ
+
(
1 +
4
21
ηNi
ηeqNi
η∆L
η∆Lα
)
γNiΦ
†
LVµ
]
Γ
W (iα)
Y =
1
nγ
[(
2 +
4
21
η∆L
η∆Lα
)
γNiL
QuC
+
(
1 +
17
63
η∆L
η∆Lα
)
γNiu
C
LQC
+
(
1 +
19
63
η∆L
η∆Lα
)
γNαQLu
]
Γ
W (iα)
G =
1
nγ
[(
2 +
4
21
η∆L
η∆Lα
)
γNiL
Φ†Vµ
+
(
1 +
4
21
η∆L
η∆Lα
)
γ
NiVµ
LΦ
+
(
1 +
8
21
η∆L
η∆Lα
)
γNiΦ
†
LVµ
]
Γ
∆L=2(αβ)
Y =
1
nγ
[(
1 +
4
21
η∆L
η∆Lα
)(
γLαΦ
LCβ Φ
† + γ
LαLβ
Φ†Φ†
)]
Γ
∆L=0(αβ)
Y =
1
nγ
[(
1 +
4
21
η∆L
η∆Lα
)
γLαΦLβΦ + γ
LαΦ†
LβΦ†
+ γ
LαLCβ
ΦΦ†
]
. (A.11)
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B δCP dependence
Due to the flavoured nature of the Boltzmann equations, an inherent δCP dependence exists
on the strength of certain flavoured scattering terms within them. It is interesting to note
the consequence that a maximally-violating phase, such as δCP , actually does not necessarily
result in a maximally generated net baryon asymmetry. Although maximal values of δCP
(as suggested by current data) will lead to maximised generation of asymmetry per decay,
if the efficiency of the washout is greater here compared to some other values of δCP the net
surviving asymmetry may end up being smaller. It is even possible for the net asymmetry
to be minimised when the CP violating phase is maximised. This phenomenon is not
explored further in the present work and the CP-violating phase δCP is simply fixed to its
suggestive value of δCP = 3pi/2. Below are example plots of the absolute value of the net
baryon asymmetry19 |ηB| as a function of δCP in the pure ISS scenario, chosen once again
for computation convenience even though the asymmetry values are unrealistic. Alongside
each plot is a contour plot of the sum of each ∆L = 0, 1, 2 scattering term (
∑
X,i,α Γ
X(iα))
as a function of δCP and z for a specific lepton flavour. As illustrated in Figs. 16-19,
in scenarios where scattering terms without a δCP dependence dominate, the generated
asymmetry behaves as naïvely expected. However, for some regions of parameter space the
final asymmetry generated is instead maximised in regions of δCP which minimise the total
washout.
19The absolute value is plotted due to the sign change between 0 < δCP < pi and pi < δCP < 2pi.
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Figure 16: In scenarios where the asymmetry is dominated by terms in the scatterings
which do not have a net dependence on δCP the net asymmetry is maximised when the CP
violation is maximised.
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10-16
10-19
10-18
10-17
δCP
|ηB|
ηe ηµ ητ
Figure 17: If the total scattering is maximised around δCP = pi, more asymmetry is
washed out in this region and the baryon asymmetry will be maximised for values of δCP
closer to 0 and 2pi.
– 38 –
0 π2 π 3 π2 2π
10-16
10-19
10-18
10-17
δCP
|ηB|
ηe ηµ ητ
Figure 18: If the total scattering is maximised around δCP = 0, 2pi, more asymmetry is
washed out in this region and the baryon asymmetry will be maximised for values of δCP
closer to pi.
0 π2 π 3 π2 2π10-20
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ηe ηµ ητ
Figure 19: In the unique scenario that the scattering rates have competing efficiencies, e.g.
the efficiency to e is maximal for δCP → 0, 2pi and the efficiency to µ and τ is maximal for
δCP → pi as shown above, the net baryon asymmetry generated can actually be minimised
for maximal CP violation. – 39 –
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